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Turbulence in Rotating (and/or) Stratified Fluids'
(Task 1)

Co-Principal Investigators:
Tony Maxworthy

Frederick Browand

The Departments of Aerospace Engineering and Mechanical Engineering at the University
of Southern California acknowledge support from the Office of Naval Research under contract
number N00014-82-K-0084 for the period December 1. 1981 through September 30, 1988. The
overall objective of the research was (and continues to be) to understand through laboratory
experiments, theoretical analyses, and comparisons with field data, the processes by which turbulence
in the world's oceans is generated, evolves and decays. Laboratory studies are judiciously chosen to
illustrate fundamental processes. Efforts are made to relate the results of laboratory studies to the
ocean environment.

During the seven years of the contract period, a total of 56 published articles have appeared
in journals or conference proceedings. In addition, two reports have been prepared and given wide
circulation within the research community. Highiights of work during the contract period are the
following.

I. !,Comprehensive studies of wave motions in rotating flows, stratified flows- and
rotatinst /stratified flows

Wave motions are important in transporting momentum and energy within the oceans and atmosphere.
The laboratory studies have served to deepen and extend the understanding of such waves. We wero
the first to describe solitary wave motions on concentrated vortex cores. A series of fundamefntal
experiments have embraced a wide range of applications inciuding: the dynamics of severe storms
in the atmosphere, and the quantized vortex motion in liquid Helium. Solitary Kelvin waves -- long
wave motions present in all the world's oceans -- were first studied in the laboratory here. The
mechanism for tidal generation of internal gravity waves (common features of all continental shelf
regions) was also first proposed and studied here.

II. 4 .t.Dvnamics of gravity currents:

The firstl.udies of axisymmetric internal gravity currents were carried, out at USC, as well as the
first studies of gravity currents having a variable rate of supply. Both these circumstances are more
typical of naturally occurring gravity currents, and are therefore-imortant.

Effect of stratification ugon the structure of oceanic turbulence

Turbulence in the ocean must xlis a result of the stratification of the medium -.2Ao6ntinuously lift
heavy fluid (from below)nd depress lighter flui4 F-om i'Ve-)4 A consequence f's that vertical scales
of turbulence are limited in extent. We have demonstrated this limiting scale in several dramatic
experiments.

The turbulent eddies continue to evolve and spread in the horizontal direction, producing a collection
of pancake-shaped structures. This two dimensional (or quasi-two dimensional) turbulent eddy field
is characteristic of the ocean at scales from hundreds of meters to hundreds of kilometers. Much of
our recent effort has gone into understanding the evolution of this complex field.

IV..f -4 The common features of frontal motions/coastal uowellin :;

The major fisheries of the world occur in regions of upwelling. The two ingredients are a coast line
adjacent to deep water and an along-shore wind field. Ekman flux in the surface boundary layer --



produces upwelling along the coast. Studies in our laboratory show the propagation of waves along
the upwelling front, and often .;.subsequent instability and break-up into off-shore jets. The
resulting structure is highly dependent upon the local topography. These frontal instabilities are
one source of the two dimensional turbulent eddies mentioned in Ill. The laboratory studies yield
scaling laws which are applicable to the oceanic counterparts. Fractal geometry is employed here for
the first time, as a means of clarifying the motion and to characterize the degree of mixing.

V. '- ( Fundamental structure of turbulent flows,

In addition to studies of oceanic turbulence, we also investigate fundamental issues on the nature of
turbulence. These experiments are more easily accomplished in homogeneous (unstratified) flows.
although the results have broad application to all turbulent flows. We were the first to emphasize the
geometrical characterization of vortex motions in free shear flows. We have identified certain defect
features which seem to be fundamental to all unbounded shear flows, and have devised a way to
produce and study these defects artificially.

VI '_ Develooment and imolementation of imaie orocessinsE aliorithms "

The two published reports deal with the general problem of"*article tracking in fluids. The
('particles'-fnay be floats in the ocean or neutrally bouyant particles added, to a laboratory flow for
the purpose of visualizing the fluid motion.P Several tracking and grid-in-terpolation schemes were
evaluated in the report, and form the basis of a free software package which is included with the
report on a 5J inch floppy disk.
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IV. The common features of frontal motions/coastal uowelling
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Spedding and J. Wiggert, in preparation for luiMeh,

3. "An Experimental Study of Interface Instability in a Hele-Shaw Cell", T. Maxworthy, 1st
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CONTROL OF MIXING IN FREE SHEAR LAYERS

(Task 2)

Principal Investigator: Ho, Chih-Ming

ABSTRACT

The main thrust of the research is to understand the physics of the coherent vortices and to develop
techniques of controlling the evolution of the deterministic structures. Fundamental understanding
of the entrainment and the small scale mixing processes in free shear layers have been obtained
during the research period 12/01/81 - 9/30/88.

ACCOMPLISHMENTS

I: Control of 2-D Coherent Structures

The coherent structures are developed from the Kelvin-Helmholtz instability and therefore are
sensitive to the initial perturbations. We have found that the almagamation pattern of the vortices
can be altered dramatically by perturbing the shear layer at the subharmonics of the most amplified
frequency [Ref. 1-1,2,3,5, and 61.

The momentum [Ref. 1-41 and the mass [Ref. 1-3, 51 transfers across the two streams of a free shear
layer are caused mainly by the unsteady evolution of the vortices. Hence, the manipulation of the
vortex merging patterns has important implications for many technical applications.

II: Instrumentation

The split film probe was a common instrument for simultaneously measuring the streamwise and the
transverse velocity components. When it was used in our laboratory, we could never obtain
satisfactory results. After a careful examination, we have conclusively shown that the cross-talk
between the two films ruined the phase information between the two velocity components.
Therefore, the split film probe is not a usable instrument [Ref. lI-1i].

III: Lock-on of Wake Flow

When a wake was forced by a monochromic disturbance, the wake instability waves locked to the
forcing at a certain frequency band. We have identified the ratio between the forcing frequency
and the most amplified frequency of the wake as the important parameter for characterizing the lock-
on band [Ref. III- I].

IV: Subharmonic Resonance

When the free shear layer was forced by a single frequency, many flow quantities could be predicated
by the linear instability analyses. When the flow was perturbed by the fundamental and the
subharmonic, the amplification rate of the subharmonic was found to be a function of the phase angle
between the fundamental and the subharmonic(Ref. IV-1]. This phenomenon supports the non-
linear subharmonic resonance mechanism proposed by Kelly [1967].

V: Streamwise Vortices

The vorticity of streamwise vortices was found to be in the same order of the maximum mean shear
of the mixing layer. Furthermore, the wavelength of the streamwise vortices doubled after the
merging of the spanwise structures took place [Ref. V-1,2]. The increase of the length scale has
been confirmed by the Navier-Stokes numerical simulation [Ref. V-31.



VI: Phase Decorrelaton

Near the trailing edge of the splitter plate, the phase of the passing coherent structures has a definite
relationship with the forcing signal. The phase jitter was significantly increased after the vortex
merging (Ref. VI-I,2]. The phase dynamics and the small scale trpnsition were considered as
possible candidates for the phase decorrelation. After a careful examination, we have identified
the background noise as having an influence on the growth of the subharmonic. Therefore, we can
conclude that the phase decorrelation starts with the vortex merging.

VII: Mixing Transition

In an originally laminar plane mixing layer, we examined the process of generating the random small
eddies in the flow. The fine eddies were first detected in the core of the streamwise vortices at the
point where the merging of the spanwise structures occurred [Ref. VII- 1, 2, 3, 4, 5 and 61. In other
words, the vortex merging not only transferred the energy to the subharmonic range, but also shifted
the energy to the high frequency end.

VIII: Sound Generation

A numerical code of the compressible plane mixing layer was used to study the production of sound
waves from the flow. We concentrated specially on the Mach number range that the hydrodynamic
wavelength is about the same as the acoustic wavelength. In these cases, the pressure field can be
calculated from the shear layer to the acoustic far field [Ref. VIII- I ]. The results show the radiation
patterns, the Mach number dependence, the mechanism of sound production, etc. Many of the
unknown aeroacoustic phenomena were revealed by this powerful numerical method.
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Growth of Turbulent Regions in Unstable Boundary Layers
(Task 3)

Principal Investigator Ron Blackwelder

Summary of Work Accomplished

I. Inflectional Velocity Profiles and a Turbulent Production Mechanism

The major discovery found during this contract was that turbulence production
within transitional and turbulent boundary layers is associated with instantaneous
inflectional velocity profiles. This is a different and more distinct mechanism than
has been proposed before and suggests some new methods of controlling the turbulence
production as discussed by Blackwelder(1988) and Swearingen and Blackwelder(1989).

Essentially this new idea for turbulence production evolves around the
instability of a shear layer with an inflectional velocity profile. It has been known
since the time of Rayleigh that these profiles are unstable to small disturbances and
have an extremely rapid growth rate. The growth of a disturbance is so large that laminar
wakes and jets are almost impossible to obtain experimentally. Instantaneous velocity
profiles obtained in transitional and turbulent boundary layer during the course of this
research revealed that these flows have inflection points also, although they do not
occur continuously in time nor everywhere in space. Examples of these profiles and
details of the production mechanism are given in Blackwelder and Swearingen(1989)
attached as appendix A. They show that these profiles exist for sufficiently long
periods of time that they can be considered as quasi-stationary and hence the results
from steady state stability theory are applicable. They also show that the profiles
occur at distances sufficiently removed from the wall that the viscous effects can be
ignored.

One of the more surprising aspects of this mechanism is that inflectional profiles
occur in both the normal and spanwise directions in transitional and turbulent layers.
This is documented in figures 7 and 8 of Appendix A for a transitional layer on a curved
surface and in figures 10 and II for the turbulent case. Heretofore, the spanwise
direction has been neglected in the mechanisms for turbulent production; however these
new results suggest that the local inflectional regions should be important and must be
incorporated into any successful theory and model. The spanwise structure is especially
important in attempting to explain the success of riblets in drag reduction; i.e. the
riblets may act to slow the streamwise vortices and thus reduce the inflectional aspect
of the velocity profile which in turn would reduce the production of turbulence.

II. Large Amplitude Laminar Disturbances

Another phase of this research during the last seven years has been to study the
breakdown of a growing laminar disturbance into a turbulent patch of fluid. The earlier
work of Blackwelder et al.(1984) and Tso et al.(1984) concentrated upon examining the
initial conditions of a small perturbation within a laminar boundary layer. The
importance of the spatial structure of the initial disturbance was examined by using
various hole diameters and non-circular shaped holes for the injection of the minute
disturbance. It was found when the initial disturbance is a pulse, that growing wave
packets were produced only for the smallest diameter circular holes; e.g. 0.1 mm in
diameter. Larger holes and non-circular holes tended to produce a different disturbance
that broke down into turbulence much earlier. In all cases the initial break down into
turbulence occurred at about y - 0.28 and appeared upstream of the breakdown at y - 1.16
observed by Gaster and Grant(Proc. Roy. Soc. Lond. A347, 1975). After the turbulent
regions had a chance to develop downstream, a classical turbulent spot was observed in



turbulence occurred at about y - 0.25 and appeared upstream of the breakdown at y - 1.16
observed by Gaster and Grant(Proc. Roy. Soc. Lond. A347, 1975). After the turbulent
regions had a chance to develop downstream, a classical turbulent spot was observed in
all cases.

The temporal aspects of the initial disturbances were studied by Tso and
Blackwelder( 1985) by comparing the pulse disturbance described above with a tone burst
consisting of 4 cycles of a sinusoidal wave. At low amplitudes, the tone burst
disturbance evolved into a Gaster type wave packet downstream. With a large amplitude,
a classical turbulent spot was generated almost immediately. At intermediate
amplitudes, a wave packet was observed initially downstream. However another
perturbation was also observed which had a larger lengthy scale and faster propagation
velocity. Further downstream, this larger disturbance grew to greater amplitude and
moved ahead of the wave packet which was travelling at the speed of the Tollmien-
Schlichting waves. This larger disturbance broke down into a classical turbulent spot
and the wave packet remained behind it as seen by Wygnanski et aI.(JFM,2, 505, 1979).
This observation explains the existence of the trailing wave packets and illustrates why
the packets are correlated with the generation mechanism as observed by Wygnanski et al.
Tso et al.(1988) have continued to investigate the breakdown of these different type of
disturbances into turbulent spots.

I. Overhang Region of a Turbulent Spot

It had been conjectured in the literature that the overhang (of nose) region of
a turbulent spot is very important in the growth of the spot because it contains
turbulent fluctuations that could disturb the unstable laminar boundary lying beneath
it. These disturbances would then be amplified by an instability mechanism in the
laminar region, grow and breakdown into turbulence. The shape of the overhang region and
other aspects of the leading edge of the spot were investigated by Gutmark and
Blackwelder( 1987). The distance that the overhang extended upstream from the turbulent
interface at the wall increased continuously as the spot grew downstream. It appeared
that the extent of the overhang was a function of the previous history of the spot and not
necessarily a function of the Reynolds number.

The mixing characteristics within the turbulent spot were examined by Swearingen
and Blackwelder(1985) by generating a fully developed spot and passing it over a heated
wall region. The old turbulence was colder fluid and the newer turbulence generated in
the vicinity of the wall was warm. The results indicated that the new turbulence is very
dynamic and immediately dominates the flow field. However a sharp demarcation between
the heated and non-heated regions could not be obtained due to the conductivity of the
plate; thus this line of research was not continued.
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Much of the research on turbulent boundary layer during the past twenty years has
concentrated on the coherent eddies that control the flow field. The large scale
structure of the outer flow field dominates the flow features there and contols the
entrainment of irrotational fluid into the turbulent regions. Near the wall the flow
field is dominated by a series of events, collectively called the bursting phenomenon.
that are responsible for the turbulence production and the drag. This series of events
consists of counter-rotating streamwise vortices, low speed streaks of fluid. lift up of
that fluid off the wall an oscillation of the lifted low speed streak and the rapid growth
of that oscillation and its break down into turbulence. This sequence has been
described in detail by lne et al. (1967). Wllmarth (1975). Cantwell (1981) and others.
The main thrust of the present work is to examine the oscillation stage and suggest a
mechanism by which this occurs.

STABILITT THEORY FOR IN IZCTNAL VUODCM PRO IVIZ

One of the earliest successes in stability theory was due to Rayleigh (1880) who showed
that inflectional velocity profiles in an Inviscid fluid are unstable to small
disturbances. Viscosity has only a damping influence in these flow fields as discussed
by IUn (1955). Mlchalke (1965) analysed the hyperbolic tangent profile for a mean
parallel flow field given by

UP -U0 tanh taAl

where Uo is the maximum velocity difference across the shear layer and 2A is its
vorticity thickness as illustrated in figure 1. He assumed a spatially growing two
dimensional disturbance in the form of a travelling wave given by

uv (xt) = (4)e lix=-t)

a is the complex wave number. a = ar +/a. and w is a real fivquency where x and 4 are the
streamwise and cross stream coordinates. u" and v are the respective velocity
perturbation. His results yielded a broad range of growing harmonic disturbances with
the most amplified wave number being oa - 0.40. The corresponding wavelength is
x 5.7A which is long compared to the shear layer thickness

From Near-Wall Turbulence, a Symposium held May 46-20, 1988 in
lubrovnk, Yugoslavia published by Hemisphere Pub. Corp.
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Fn. . Sketch of an Invisdly unsable veloiy profle in the directiao.

More surprising however is the growth rate of these disturbances. a Michalke's

analysis shows that the disturbances grow like eaz where the ama growth rate
was found to be ajA = -0.23. Thus while the wavelike disturbance travels one
wavelength downstream. x-zo a Xx . it is amplified by a factor of 36 and its energy
Increases more than 1000 foldl For comparison, the maximum amplification of the
most unstable Tollmien-Schlichting wave is typically 1.1 (Le. they experience a 10%
increase in amplitude) during a Journey of one wave length downstream because its
growth rate is an order of magnitude smaller. Hence disturbances associated with
Inviscid Inflectional velocity profiles are amplified much more than those associated
with viscous Instabilities. In some transitional flow fields, the initial viscous
Instability amplifies an initial disturbance in a manner that produces an inflectional
profile as discussed by Blackwelder (1983). This opens the door to another type of
instability, usually called a secondary or higher order instability. If the secondary
instability is an inflectional type, the disturbances will grow much faster than the
initial disturbance and will dominate the transition process.

One of the more interesting characteristics of the Inviscid Instability is that its
amplifcation is strongly dependent upon the shear rate of the inflectional profile. To
illustrate this. note that the maximum amplification over the distance x2 -xl is given
by

6O-23 (x2-xl)/A (1

Thus the smaller the length scale A. the larger the growth over the same distance. Fgure
I shows that A is inversely proportional to the maximum shear Of the profile, Le.

au I UO

Eliminating A between these two expressions yields a growth of



A 3.

.46 m (x2-xl) (2

Consequently the maximum amplification experienced by a disturbance over the
distance x2 -xl downstream depends strongly on the mean shear at the point of
inflection.

The above arguments following Michalke's analysis have been for a steady two-
dimensional inflectional profile in a parallel flow. To apply these arguments in a
transitional or turbulent flow. the restrictions imposed by these assumptions must be
addressed. The effects of non-parallel flow have been examined by Gaster et al. (1985).
They found that when the local value of the mean flow was used for the stability
calculations, the theory accurately predicted the measured fluctuations even though the
flow was nonlinear. Greenspan and Benney(1963) have studied the effects of an
unsteady mean flow by allowing the thicknes, A. to vary sinusoldally with time. The
forcing period was much larger than the time scale of the instability. They found that
the unsteadiness increased the growth rates so that the energy of the disturbance
increased by 10,000 over one wavelength!

Another limitation of the above analysis Is that it pertains only to unbounded flow
domains. However Huerre (1983) has considered the same inflectional velocity profile
confined by two side walls located at 4 = td. He assumed the normal velocity on the
walls was zero but allowed a slip condition to occur to simplify the analysis. He found
that if d 2 1.2a. the linear stability characteristics were similar to the lnviscid theory
and the wall had little effect on the growth of the d

The two-dimenasonalfty of the mean flow has not yet been addressed and is still an
open queston. However. Naishoka et al. (1980) applied the inviacid two-dimensional
theory to an inflectional ULy) velocity profile In a transitional channel flow. The
Instantneous velocity profile was formed by the Tollmien-Schlichting waves and was
strongly three-dimensional. Experimentally they observed that a secondary
instability appeared at the location of the inflection point. To emine this In more
detail, they applied the two-dimensional inviscid calculation discussed above and
found that it predicted the measured wavelength and elgenfunction. The measured
growth factor was approximately 60% of the theoretical value. Similar results have
been observed in transitional boundary layers on flat and concave plates. The reduced
growth rate may be due to the spreading of energy into the third dimension which is not
accounted for in the two-dumenslonal theory. This effect Indicates that the disturbance
would be amplified by a factor of 9 after travelling one wavelength downstream rather
than by 36 mentioned earlier. The net result is that even though the growth rate may be
reduced by the three- i onality. it is still very large.

GDlR2l STAWIr OW A COKCAVB WALL

The G~rtler Instability is one member of a class of centrifugal Instabilities including
the Taylor. Dean. etc. instabilities. These instabilities arise as a result of an imbalance
between a centrifugal force imposed on the fluid and the restoring pressure force. The
GWrtler Instability develops within a boundary layer developing on a concave wall The
curvature of the wall imposes a centrfugal force within the fluid that acts to displace
fluid particles toward the wail. The pressure force acts to restore the particles to their
original pohition. This clam of Instabilltes is Irviscid in nature and the viscosity only
acts to Inhibit the motion, Le. provides a damping force, just as in the inflectional
profile instabilltles. Therefore if the centrifugal force is smaller than the pressure
force, the flow is stable. However if the centrifugal force sufficiently exceeds the
pressure force such that the viscosMty can no longer damp the moion, the flow field is
unstable and small disturbances will be amplifed.
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GOrtler(1939) ftst analysed this problem using temporal stability theory and found
that the goverming parameter for this flow was

This dimensionless number Is known today as the Gbrtler number. If it exceeds a
critical value of the order of unity. the flow is unstable and develops counter-rotating
streamw.se vortices lying within the boundary layer. These vortices are periodic in the
spanwtse direction and are characterized by a spanwise wave length Iz. Hall (1983) has
shown that for vortices with wavelengths Xz comparable to the boundary layer
thickness, the growth of the boundary layer cannot be neglected in the analysis.
Consequently a unique neutral stability curve does not exist but rather depends upon
the history of the boundary layer. Nevertheless, Hall found that each neutral stability

curve had a minimum at C - 1.5.

In a spatial analysis of the Wrtler nstability in a parallel flow. Smith (1955) assumed

the disturbances on a concave wall grew by the factor eP~2-z l ) as they travelled
downstream fromx to x2 . A Is the growth rate and varies slowly in the downstream
distance. As the fluid moves downstream from the leading edge, the disturbances are
initially damped. Le. < 0. They crossed the neutral stability curve at A a0 and are
unstable, Le. 0 > 0. further downstream. To compare this growth rate with the Inviacid

one, 0 must be determined. Llepmann (1945) has shown that GWrtler Instability
transitions to turbulence when G6 a 9. The nominal value of ampiiaton rate slightly

before transition. Le. G -7. is MRe - 3 according to Smith. For this value of the

GCrtler number. Reg ranges from 230 reported by Dpes (1972) to 360 ftom Swearingen
and Blackwelder (1987). For Re a 300 and with the boundary layer thickness. 8.

equal to 7.50 as In a Blanus layer. the mplication becomes e0 075 (r'xl2)/S Thus the
streamwlse vortical disturbance will double its amplitude after travelling 108
downstream. For comparison, the most unstable Tolmen-SchlichUng wave at Re =

300 has a wavelength of 88 and an amplication factor of e"063'xi)/. These waves
are amplified approxImately 80% after travelling 106 downstream. Hence at this

Reynods number, the Wrtler instability has a slightly greater amplificaton than
T1hms chchtlag waves. The conclusion Is that the growth rates In both boundary
lyer flows an at least an order of mag tude less than that of the rflectional profile-=UMW discussed eaer

Th MO nO GORTfLZ VORTIM

The above linear theory only describes the Initial growth of a small disturbance on a
concave wail. Like most linear theories, it can say nothing about the later growth
stages and breakdown of the perturbation. In a visual study of the vortices on a curved
plate Bippes (1972) has shown that the pertMubation velocity profles agreed well with
the computed elgwrutons and the growth rates were comprable to the values gIvn
by the lIear theory. He als found that the disturbances grew to an ampltude of a few
percent of the temmise mean velocity while maintaining ther stream e vortcal
structure. However, after a limited domain of linear rowth. the flow field developed a
strong oscillatory motion before breaking down into turbulence.
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and 2. Inst nuous vtisualonans of the G irle nstabity and i ona concave wall. The concentrated smoke marks the low speed streaks
and the sinuous motion Is a result of the Iflectional Instability.

This aspect of the motion was considered to be Important in the transition process
because it represented a shift from a primary to a secondary instability in the flow.
Since similar observations have been made in the wall region of turbulent flows (see
below), an experiment was set up to measure the velocity components in more detail to
study this phenomenon. The specially designed wind tunnel used for this experiment
had a curved test section with a cross sectional area of 15 x 120 cm. A boundary layer
was developed on the concave wall having a radius of curvature of R a 3.2m with a free
stream velocity of 5.0 m/sec. A smoke wire was used to visualize the flow field. The
streamwlse velocity was measured with rakes of hot-wires aligned in the spanwise and
normal directions. Thus the U(z.t) and U(y.t) profiles could be measured
instantaneously. The signals were digitized and stored on disc for later processing.
Further details of the experimental arrangement may be found in Swearingen and
Blackwelder (1987).

At a freestream velocity of 5 m/sec. the critical Gdrtler number occurred at
apprxImately 10 cm downstream of the leading edge of the curved plate. When the
smoke wire was placed into the lower reglons of the boundary layer upstream. Le. at y =
0.256. and x = 20 c=n the resulting flow downstream appeared as in figure 2. By the time
the smoke was convected downstream, it had also been coagulated into elongated
regions as seen in the photo. Swearingen and Blackwelder(1987) showed that the
regions of strong smoke concentrations seen In the figure are also regions of low
streamwise velocity. They also showed that the ensuing dynamics were concentrated
around and directly related to the low speed regions.

A sketch of the sumnwise vortices and the low speed regions is shown In figure 3. The
initial instability produces the counter-rotating streainwise vortices with two vortices
per spanwise wavelength. The strength of these vortices Is quite small To illustrate
this. consider a mean parallel flow U(y) with a disturbance field u such that the total
velocity is

u(x.yaz) - Ul * u'(M.y zl
vtY.y - vitz.yz)IRe (4
w(x.y. 4 w'yJ.z/Re
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P76 & The streamwne vortex system downsbam of the critical Gdrter
mmber.,he aeinwsscale is U th respect to the other

where Re is the Raynld m ber. This amlg leae u. V. and w of the sam order as
suggested by Diprma and Swart (1972) and vefd by F1m dand Sc (182|. When
the W t ComnKet aln obtamed frum these equabousm MIs easily sen that the
dshtb sumwise vorulcty ef Is ,mafer than bothey and % by the fate.r Re z .
Hence ae though the flow field is generally described as a laminar boundary layer
with embedded growing streamwise vortices, they contain only mali amounts of
I IVP n : vortkcIty.

The above glhUtration indicates that the phase of coherent eddies is much more
Umportant than the amplitude of their velocty or vorucity fields. It also suggests that
detection of coherent structures should not be based on amplitude alone without
consderig phase information also. In the Wrtier vorte case. the vortices do genate

~. ,~au au
Ineericae.meyy-7and s-W. But any detectien scheme
baesed on amplitude alone would probably fal to discern the underlying eddy structure,
namely the sbeamwise vortices. Of course the reason the ex vortices ae so effective is

that they c= In a region of st mean shear. . and thus a v7, mal r* roation

can produce large diatances acusa the spn.
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ftg 4 Illustration of the relative phase of the disturbance velocity components
at positions below the centers of the streamwlse vortices. The velocity
amplitudes depend on y and are not to scale.

Between the vortices in figure 3 are alternating regions of low and high speed fluid.
These regions are a natural result of the counter-rotating vortices lring is a strong
shear flow. The velocity field associated with the vortices has a normal velocity
component with a relative umatum, or mminm-m between the vortices at posidwos a
and c res pectively as seen in figuue 4. Simultaneously the iduM lying beow Mhe center
Of the vortices has a spanwise velocity component that alternates in sign, wit the
vortices so that Is motion is directed towards the region of positive nannal velocity.
The Combined action of twO vortices is to displace lower speed fluid originall near the
wall Into a region bying between the vortices shown at position a in figure 4. This
creates the elongated low speed regions seen in figure 3. On the other hand. the higher
speed fluid lyin above the centerline of the vortices ecperiences a relative motion that
forms concentrations of high speed fluid betwee alternate vortices at positions, c In-
figure 4.

One of the princpal results of this vortical moton and the unique aspect of the Giirtler
instability is that it creates Inflectional velocity profiles in a flow field in which there
were none before the disturbance started to grow. It is interesting to note that a
spanwise inflectional profle will develop as soon as the vortices begin to grow. This is
best illustrated by considering the usual velocity perturbations. Le.

u* CY a -ib os az e~
V x~y.4 W o o ~ (5

As soon as this disturbance begins to grow, there are inflection points in the u(z) profile

at a ±:(n +T). n = 0.1.2... The strength of the Strain rate at these points is

and it Increas in magnitude with the growth of the instability. Note that the sign of

the strai rate in not essential in the Inviscid instablity. only the absolute value is
important. Later in the development of the flow, Inflectional W~y profies develop as
predicted and observed by several Ivestigators. These inflectional profiles open the
door to an inviacid instability as discussed above.
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F, 7. Two examples of the spanwise velocity profile having inflection poitand large shear.

local auia maxima occurs at the identical location of the maxima In the rms eontours
and their contour shapes are very similar (cwipa with figures 6b and 6d). Even the
new local maxium near the wall at xa 100cm in the fluctuation contours is also found
in theiso-shear plot. Hence it It obvious that the velocity fluctuations are associated
primarily with th: spanwise shear rate. aU/a

Examples of the mean spanwise velocity profiles obtained at the y position near the
maxium in the 8U/& contours are shown In figure 7 for x a 80 and 100cm. The mean
spanwise averaged velocity Is approximately OU.. in both cases and the maximum
shear is typically 0.5 aU/ay w . To illustrate the stability theory predictions. the
theoretical wavelength associated with these profiles should be Xx = 15.7A. From figure
7 at 100 cm the shear layer thickness Is approximately 0.25cn. This yields lx - 3.9cm
which compares favorably with the wavelength seen in figure 2.

Simtlar profiles in the normal direction are shown in figure 8 at four downstream
locations, The inflection points are noted and it s easily seen that the Inflections move
rapidly away from the wall as the flow moves downstream. The velocity at the
inflection points is typically 0.65U..

WALL OIOUS OF BOMV= 7URBULENT SHEAR FLOWS

The wai region of bounded turbulent shear flows Is dominated by the bursting process
which Is composed of a series of events similar to that described above for the GUrtler
problem Namely there are streamwise vortices, elongated regions of low speed fluid
called low speed streaks, lift-up and oscillation of these streaks and a rapid
disintegration of the coherent motion followed by strong mixing.
The role of the streamwise vortices in the turbulent flow is less clear than In the Gortler
case. Indeed. there is no generally accepted deflnition of such vortices found in the
literature. Let us make the following definitio:

A vortex consists of a coherent vortical pamel of fluid such that
the instantaneous streamlines in the plane perpendicuar to the
vorte ltnes are closed.



By the time the flow has reached 100cm downstream in the experiment, the velocity
field was strongly nonlinear as evidenced by the variations in the measured streamwise
velocity component. Figures 5 & 6 illustrate the Iso-velocity contours measured over
two wavelengths in the spanwise direction at two downstream locations. x = 80 and 100
cm. Two low speed regions at z s -0.8 and +0.Scm are evidenced by the relative lower
speed fluid lying at the elevated regions. The U(y) = 0.9 contour lies well beyond the
nominal boundary layer thickness defined by U(S L) = 0.99U.. The growth of the low
speed region has been quite large: the U = 0.9U,. contour has been displaced outward
from 1.25 to 1.75 SL where 8L is the corresponding Blasius layer thickness at each
location. Hence the disturbance has a large growth rate compared to the nominal
laminar boundary layer. The displacement thickness at these locations was measured
to be approximately 8" = 0.7cm compared with the Blasius value of 8" = 0.28cm. The
corresponding higher speed regions at z = 0 and ±1.6cm have thinned the boundary
layer considerably such that 8" = 0. lcm there. In these locations the shear is especially
strong near the wall compared with the shear in the lower speed regions.

As noted earlier, the Gdrtler Instability grows spatially downstream and has no
temporal dependence. However oscillations do develop downstream as seen In figure 2
which indicate the presence of a secondary Instability. The temporal fluctuations were
measured and their so-contours are given in figures 5b and 6b at the two locations.
Note that the maximum at each position occurs on the sides of the low speed streak and
not near the top. The maximum magnitude increases from roughly 0.03U,. to 0.08U,,
bewteen 80 and 100 cm downstream The total energy associated with the temporal
oscillations is proportional to the square of the u" values ntegrated over the y-z plane.
Clearly this energy has increased by more than an order of magnitude.

It Is also slgnificant that the loci of the iso-contours have moved outward from the
waiL The max2mum at x = 80cm is at 0.3cm and the corresponding maximum at x =
100cm is at 1.15cm. The corresponding Blasius thickness. 8L. has only Increased from
0.78cm to 0.86cm This outward movement corresponds to an average normal velocity
greater than 0.03U., which Is more than an order of magnitude greater than the Blasius
velocity normal to the plate.

Another Important feature of figure 6b Is that as the primary fluctuations have moved
outward, a new local maximum has evolved In the wall region at x a 100cm. At 110cm
downstream, this maximum was approximately 0.12U.. whereas the outer maximum
had remained constant at 0.08U.. After 110cm. the entire layer became turbulent and
the local maxima were no longer discernable.

The reason for the occurrence of two maximum rms values per wave length is apparent
when the lao-shear contours are ezamined in figures 5cd and 6cd. The aU/y and al/az
grdi fields were calculated by fting the averagd velocity data with a spline fit and
then derentiating. They are normalized with the average gradient at the wall which
was 1680 and 2300 sec- 1 at x - 80 and 100cm respectively. The auia~y Iso-shear
contours a presented In figures 5c and Sc and the corresponding aUI& contours in 5d
and 6d at the two streamwlse locations. The normal shear aU/ay has Its maximum at
the wal as expected. but also develops a strong local maxima above the low speed
streak. This maxima moves outward as it travels downstream and is reduced slightly
In magnitude. Distinct regions of negative shear are seen at z - 100cm due to the low
speed fluid riding above higher velocity flud as seen n figure 6a.

The spanwise shear rate. al/az, has a distinct minimum and maximum on both sides of
the low speed streaks. Symmetry Indicates the minimum and maximum must have the
same magnitudes: however for these two streaks studied, the negative amplitude was
always slightly less. The maximum magnitude of au/az is comparable to that of au/ly
at x - SOcm and xceeds aU/ay at x a 100cm The local maxan of the spanwise shear

2increases from 0.4 to 0.5u /v downstream In contrast to the decrease in au/ay. The
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along the centertm of' a low speed region.

This definition emphasizes the coherent aspects of ,.he motion which are associated
with and due to Its phase and not necessarily due to Its amplitude. Thus It includes the

weak Gdrtler streamwlse vortices, vortex rings, trailing wing Up vortices, etc.. but
excludes the mean vortex lines in a two-dimensional shear flow.

Evidence of such vortices In the wall region has been awumed by many authors.
however very little quantiative ita exists supporting their eistance. Most of the data
that are available are visual results such as those of Mine et aL (1967 and Smith and
Schwartz (1983). Both of these authors have used hydrogen bubbles to visualize the flow
field and have shown that often the hydrogen bubbles are coagulated into a conflned
region with definite rotation perpendicular to its principal ads consistent with the
above deflinition of a vortex. Smith and Schwartz speculated that the observed
streamwise rotations were due to the legs of horseshoe type vortices. Acalar and Smith
(1987abj have set up two model laminar flow fields to study the vortical nature of the
motion near a solid boundary. In the first, they studied the flow over a hemisphere and
the second was the flow over lower speed fluid injected through a strea-uwise slit In the
wall. In both cases they observed the periodic formation of repeatable horseshoe
vortices. The structure was studied by placing the hydrogen bubbles at different
positions and photographing the vortices at different times after their formation.
Their visual results are very similar to photographs obtained in the turbulent wall
region and suggest that similar vortices appear there also. Kim and Motu (1986) have
observed similar type structures in their numerical data by tracing vortex lines. By
examining regions of strong streamwlse vorticity, they concluded that the associated
vortex lines rarely remained parallel to the wall for distances greater than 100 v/uT.
This result is consistent with the above observations by Smith and Schwartz.

The conditionally averaged data of Blackwelder and Eckelmann (1979 and of Kim
(1983) also support the idea that streamwtse vortices exist In the wall region. Even
though their results yielded symmetrical vortices, the symmetry was a result of the
technique and does not imply that symmetrical pair will occur. Guezennec et al. (1987)
have shown that the vortices rarely appear In a symmetrical manner, but one vortex Is
usually much larger than the other. Obviously spanwise symmetry requires that the
average streamwise vorticity be zero.
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FIg 9. Visualization of the low speed streaks and eddy structure in the wall
region made visible by a hydrogen bubble wire at y a 12.

The most ubiquitous structures of the wall layers are the low speed strea They have a
width of 20v/ut. an average spanwise spacing of 100v/ut. and have steamwise lengths up
to and exceeding 1000v/ut. The low speed streaks are most readily observed by
hydrogen bubbles as seen in figure 9. The hydrogen bubble wire is seen at the top left
band corner of the photograph and was pulsed at 40 Hz. The wire was at y = 12 and the
mean flow velocity was 10 cm/sec. The low speed streaks are readily recognizable by
the closeness of the bubble lines and the higher concentration of bubbles. The spanwise
scale of the low speed regions is roughly 20v/uc. The spanwise scale of the higher speed
fluid is much larger, typically about 60v/u , so that the spanwise spacing between low
speed streaks is typically 8Ov/ut. All of these dimensions are random variables and
hence only average values can be used for the scales.
Since the pulsed line of bubbles is a time line. its x position downstream of the bubble
wire is proportional to the Langranglan streamwise velocity component. A high-
lighted time line is shown in figure 9 to illustrate the U(z) velocity profile. Neglecting
the difference between the Langranglan and Eulerian velocities for the moment, one
can see that the U(z) profile has a strong variation across the field: its approximate
minimum is O.2L,, and its corresponding maximum s 0.8U,,. Also of importance is
the fact that due to this variation, there are points of Inflection in the profile on both
sides of the low speed streaks. These regions are possible sites for an inviscid
Inflectional Instability as discussed earlier. In addition, the shear rate there is found to
be exbtreky large. Le. of the same order of magnitude as the shear rate at the wall2
which ts u 2/v.

This phenomenon was studied in more detail in a turbulent boundary layer at
Reg = 2200 by using multiple hot-wire probes spanning the y and z directions. Since
they are sensitive to the streamwise velocity, they measure the Uy) and U(z} profiles as
seen in figure 10. The data from each sensor is plotted and the solid line Is a spline fit of
the data. The spline fit was differentiated to determine the locations of the inflection
points which are denoted. A comparison of figure 9 and 10 indicates that the shear
rates are slightly higher in the visualization results probably due to the finite
resolution of the hot-wire sensors. Nevertheless. it is obvious that there are many
Inflection points in both Ufy) and U(z) in the wall region.



14.

1oo-V (a)

5 0
[-iaO. (U+U)/Ur

200 (b)
Z+

100

10. Instantaneous turbulent boundary laye proftles f rm hot-wire sensors
of the eamwlse velocity component in the (a) normal and (bi span-wise
directions. The data points are indicated by ( ) and a spline ft yielded
the lines. The points of inflection ( 4 ) were obtained from the spline2 2
function. The time between profiles is l.5v/u i(a)and V.u i(bi.

Figure 11 gives another example of the ubiquitous nature of the inflectional profiles.
These results were obtained from the numerical simulation of a turbulent channel flow
at Reg a 200. The data were searched for points of inflection which are denoted on the
f gure. Comparing figures 10 and 11 suggests that the lower Reynolds number channel
flow has more inflection points; however, this is most probably an illusion due to
different techniques used for the two data sets. It is quite evident that both the
expertmental and numerical data indicate that points of inflection are very evident In
both the U ay d U(z) data.

A comparison f figures llb and 1 Ic indicate that Inflection points are much more
predomat In the wall region at y+ - 15 than In the logarithmic region at y+ = 66. This
agrees with the earlier idea that the low speed streaks are concomitant with
inflectional profiles. Since the low speed streaks do not extend outward beyond y+ - 25.
one expects that fewer inflection points will be observed above that level.

In addition to the inflectional character of the velocity, several other conditions are
necessary before the simple stability anaylsis can be applied. First the flow should be
steady:. Le. the changes in time in the base flow must have a much longer time scale that
the time scale of the instability. Smith and Metzler (1983) have measured the
persistence of the low speed streaks and find that they have an average life time of

2 2
48Ov/u% with some streaks persisting up to 25SOv/u2 . These values are much longer

than the time scale of the instability which Is of the order v/u 2. Thus. a quasi-steady
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F4R 11. Instantaneous velocity profiles in the wall region from the direct
numerical simulation of a turbulent channel flow In (a) the normal
direction. (b) In the spanwise direction at y+ = 15. and (c)i n the ipanwIse
direction at y+ 66& The Inflection poits are denoted by 4.

state cdf for the inflectional instability. Secondly the site of the instability should
be far removed from a solid boundary to insure Its Inviscid character. Huerre (1983)
has shown that the cactrsisof the instability are hardly altered by the presence
of a wail as long as the inflectional region is removed at least 1.24 from the wall. Sinc

the~~~~~~~~~~ lntscloftenfetoIs51/u. Huerre's criteria appears to be satisfied for

the Inflections above y+ a 10. The third condition necessary to apply the stability
criteria Is that of two-dimenslonality. No theory is presently available to ezplain how
this will effect the instability, but Nishioka et al's (1980) results discussed earlier
suggest that the two-dimensional, theory is valid in highly three-dimensional fields.

To determine the growth rates of the incipient instability the data we explored
further to obtain the seghofthe *hear layers associated with the inflectional

proil. Tiswasacompised bfitloangthe position of the inflection points
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Fig. 12. Conditional probability distribution of the velocity shear at the
inicin pont Iko cpa.imtal data with Res u 2500. a) veloefty
sbe er penicl to the wall at 10 < y* < 20. b) Velocgy shear paralle
to the wall aty IS1.

wittin a given spatial domain. All of the Inflection points were included in the
averaging process. although Some could have been ertciuded using Pjart a' theorem.
The value of the shear rate was then measured at each of these points. Thus the
Conditional probability of the shear rate could be obtained by sampling the shear at the
Points ofInflectioz The results are shown In figures 12 and 13 where the shear rates are
normalized by the mean wall values. The frst of these flgures is obtained from the
experiMental hot-wire data base used in figure 10. The normal shear distribution in
figure 12a is asymmetrical because of the mean shear in that ditio nTe most
probable value of the shear is appradmately zeo and its mean value equals aUl/day at
that location. It ts also Interesting to note that the negative gradients are often
observed as reported earlier by Willmarth and Sharma (1984). They also observed
8U/cDf gradients which exceeded the mean shear at the wall. The corresponding
spanwise shear in figure 12b Is symmetrical as required and has dual peaks at a
nondimerisional shear of approxmately ±0.1.

Numerical data obtained fromt Spalart (1987) we:e also analysed to compare with the
experimental results. The same processing was used to obtain fgure 13. The Reynolds
number of this data Is Reg a 670. The results are vey simihaer to that in figure 12: the
main difference being that the magnitudes of the probabilities are slightly lower and
the distribution Is slightly wider than in the experimental case. This difference nay be
due to the spatial averaging imposed by the hot-wires and the coarser grid spacing In the

experime ase.
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If the Udlectiona pr ane indeed unstable. then me should be able to prd the
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W be 15.7A. Close emamnaton of ftur 10 and I1I ad other sWla data tndicate

that A Is roughly 10 tfiv/utv Thus the Inflectional proffes should produce urbne

with wavelelgfth between 75 and 225 v/ut. Some distinct data exi n the literature

which support this prediction. Dinkelacher et al. (1977) measured the pressure
fluctuations on the wall and found wavelike patterns propogatIng downstream with

Wa lntsof 00vlut trvvellig at typicaly 12- - 15uc. aMe et al (1967) also reported

obsevations of wavelengths of 240vlut. One reaso ther'e are few data of this type

reported in the literature is that the oscllations are occurin within a random
b clpun and thus they are diffcult to distinguish from the uncorrelated

mbty and the enrg of the disturbanc:e can grow by a factor of 1000o wle
tavelling one wavelengt dontem an identifable perurbton can probabl only
be obseved for one or at most two waeegh before it is distorted beyond the point o

recognition.

2.0m bmm



DIt N AND CONCLUSIONS

The primary result of this research is that Inflectional velocity profiles are a prevalent
and ubiquitous feature of the wall region of turbulent flow fields. The presence of low
speed streaks In this region has been reported by numerous authors and is recognized as
one of the clearest indications of the existence of wall layer eddy structures. The mere
presence of low speed streaks is sucfficent to guarantee that there will be inflectional
velocity profiles in the spanwise direction because U(z) must vary from high to low
values about a zero mean as seen in figures 9 through 11.
The instantaneous data also shows that there are numerous inflection points in the
direction normal to the wall as well. This is somewhat surprising because of the
restraining influence of the wall. but has been verified by different authors in several
flows. The density of the )2U/oy2 = 0 points is comparable to the a2U/lz 2 = 0 points in
the region 10 < y+ < 20.

It is interesting to note that an "Inflection point" is actually an intersection of a locus of
such points. In the simplified two-dimensional tanh(y/&) profile. the locus of the
inflection points is a plane at y = 0: i.e. an inflectional plane. The resulting instability
waves have crests parallel to the Inflectional plane with their crests aligned along the
third axis. i.e. perpendicular to both the mean flow and to the direction of the gradient..
These waves are convected along the x axis. For the spatial growth case, the wave
amplitude Increases in x at each point in time.

In the three-dimensional cases considered here. the locus of inflection points will be a
non-planar surface. For example. a wake has a locus of inflection points which forms a
cylindrical surface aligned in the mean flow direction with equal amplitude of the
shear. U/A, at every streamwlse position. In fully developed turbulent flow, the
inflectional surface is much more convoluted. For example, the side of a low speed
streak will always be such a surface because PU/az2 = 0 there. If the streak has an
inflectional U(y) profile. the inflectional surface may extend from one side of the low
speed streak over its top to the other side engulfing the entire low speed region. If the
strength of the shear U/,. Is constant over the entire inflectional sheet, each
instability wave will have a similar growth rate. The waves would be locally parallel to
the inflectional sheet and hence would have the shape of a horseshoe. The vortices
generated by Acarlar and Smith (1987ab) clearly illustrate this phenomenon in a well
controlled laminar flow. Similar vortices were often observed in the transitional flow
of Swearingen and Blackwelder (1987).

The Inflectional surface is not necessarily of infinite extent. For example, a
momentary disturbance at a point in a laminar boundary layer must have an
inflectional surface of flnite extent because the flow at large distances from the
disturbance may be devoid of inflection points. In tracing out the Iflectional surfaces
in data such as in figures 10 and 11. one often sees that the surface ends abruptly at
some point in the flow field although It may continue in the third dimension. In the
turbulent case. the Inflectional surfaces are random In space and time as welL

The loc/ of Inflection points are important because they present a mechanism by
which turbulence is produced. Namely the shear associated with the Inflections is
generally quite strong which suggests that an inviscid instability dominates the flow
field. Through this mechanism. the unstable Inflectional profiles can extract energy
from the instantaneous base flow and produce a rapidly growing oscillation. The
wavelength of the oscillation scales with the width of the inflectional Instability.
Since the scale of the iflections is random. so Is the scale of the growing disturbance:
however, the scale of all of the observed oscillations was well within the spectral
domain of the turbulence. The instability grows extremely rapidly: i.e. the two-
dimensional theory Implies that the oscillations increase their amplitude by a factor of
30 (and ts ener= by 100) as t travels one wavelength downstream The actual growth
is probably tempered by energy spreadmg in the third dimension as well.
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A model flow field emulating the turbulent wall region was studied which consisted of
GrtIer streamwise vortices in a laminar boundary. This flow had the advantage that Lt
was steady and thus provided a better test bed for studying the velocity profiles and
oscillations. Similar low speed streaks and Inflectional profiles were observed in the
model flow. Inflectional profiles in the normal and spanwise directions yielded regular
and repeatable oscillations with wavelengths consistent with the predictions of
Michalke (1965). The oscillations grew rapidly in the streamwise direction and broke
down into turbulence after two to four wavelengths. In this flow field. it was clear that
virtually all of the turbulence was produced by the Inviscid Instability. Not only were
the dynamics similar between the model and turbulent flows but the length and velocity
scales were also comparable when normalized with the friction velocity and the
kinematic viscosity, as noted by Blackwelder(1983. This scaling is common in
analyzing turbulent wall flows but has not been used frequently in transitional flows.
The present results suggest that this scaling provides a means of comparing these two
flow regimes in more detail than heretofore and indicates that their dynamics are
indeed similar.

Finally. the evidence suggests that the instability may be more successful in producing
u and w fluctuations than in producing u and v oscillations. Note that the instability
will always produce an oscillation in the direction of the base flow. u. In a two-
dimensional case. the second velocity component produced by the instability is the
component parallel to the direction of the gradient. Since an inflection point Is always
present on the sides of the low speed streaks, one expects these to produce oscillations of
u and w. Oscillations involving v may be less prevalent because inflections do not
always occur above the low speed streak. However, it appears that by the time that large
growth is observed, the locus of inflection points extends upward from the sides and
over the low speed streak. In this case the observed oscillations will depend upon the
Integrated growth rates that the disturbances have experienced which may favor the
spanwise oscillation since they have existed over a longer time period. In addition, the
growth of the v oscillation will be hindered at some point by the presence of the wall.
thus suggesting that the spanwise oscillations will dominate and produce a larger
oscillation amplitude. This Is of course consistent with the observations that w" > v" In
the wall region of turbulent shear flows.
All of the above are devoid of Reynolds averaging and its Implications. In particular.
these arguments view turbulent production as an instantaneous event related to a
particular mechanism. e.g. the unstable inflectional velocity profile. The reported
observations show that the growing oscillations are three dimensional and produce u.
v, and w fluctuations in a random manner depending upon the orientation of the
inflectional profile. This observation is not inconsistent with Reynolds averaging but
does provide a different description of the production process. For example in the above
formulation, the turbulent energy is fed directly Into the u, v. and w fluctuations. The
Reynolds averaged equations show that the average turbulent energy Is only fed into the
u fluctuations and then Is redistributed by the pressure Into the other components. The
difference is that the averaged equations do not allow for Instantaneous variations In
the base flow. Le. the mean averaged flow, whereas the Instantaneous descriptions does.
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